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FOREWORD

This report is Volume I of a two volume report prepared by the Aerotherm
Division of Acurex Corporation under National Aeronautics and Space Administration
Contract No. NAS2-6445 which describes an extensive screening test program under
convective heating conditions for the complete spectrum of candidate shuttle
orbiter vehicle TPS materials. Volume I (this report) serves as the final report
under the contract and also presents representative test results. Volume II is
a complete tabulation of all test results on all test samples, and because of
its limited general interest is available only from the NASA Technical Monitor.
This work was sponsored by the Ames Research Center with Mr. Nick S. Vojvodich
as the NASA Technical Monitor. The Aerotherm Program Manager and principal
investigator was Mr. John W. Schaefer. The author gratefully adknowledges the

support of the Technical Monitor and the Aerotherm personnel who contributed to
the program.
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SUMMARY

A low cost cyclic test procedure for screening candidate shuttle orbiter
TPS materials was developed and employed in an extensive screening test program.
The test program was performed in the Aerotherm arc plasma test facility:

] Under multiple cycle convective heating conditions which
simulated the shuttle vehicle reentry

° For all candidate TPS material concepts - metallics, surface
insulators, carbon-carbon composites, and ablators.

The test procedure maximized efficiency and minimized cost by utilizing multiple
test samples ~ up to six - in each test model, and by employing continuous
testing of two models which were alternately exposed to the test stream. The
test model and test sample designs allowed a quick change of test samples,

which employed common instrumentation, to minimize turn around time between

each series of cyclic tests. At maximum testing efficiency the demonstrated
cost was as low as $70 per hour of exposure which, with a six sample model
configuration, resulted in a cost of roughly $10 per sample hour. The test
configuration was a flat face stagnation point model which was 4 3/4 inches in
diameter and which was immersed in an 8-inch diameter supersonic air test stream.
The TPS material concepts and types which were tested and the corresponding
exposure hours were as follows: -

Facility Sample
Concept and Type Hours Hours
e Metallics 82-1/4 487~-1/2
TD nickel chrome
Coated columbium
Coated tantalum
° Surface Insulators 131-1/2 288
LI-1500 (silica system)
HCF (mullite system)
REI (mullite system)
Silicon carbide foam
° Carbon-Carbon Composite 54-1/4 91
Truss core and conventional,
various coating systems
e Ablators 3-1/3 3-1/3

Ss41
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The total facility test time for all materials was 271-1/3 hours and the

total sample hours of exposure time was 870 hours. The test conditions
covered the spectrum of surface temperature and heat flux appropriate to

the application of these materials to the shuttle orbiter vehicle. The

test samples were nominally exposed to from 1 to 50 half hour cycles. Measure-
ments were made during exposure and nominally after every 6 cycles to define
thermal response in terms of surface and in-depth temperatures, mass loss and
surface recession, surface properties in terms of emissivity and catalycity,
failure modes, and operating limits.
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SECTION 1

INTRODUCTION

The spectrum of candidate TPS material concepts and types for the NASA
space shuttle orbiter vehicle is extremely broad. The evaluation of these ma-
terials requires extensive thermal testing, even for screening purposes, under
cyclic convective heating conditions which simulate multiple reentries of the
shuttle vehicle. Because of the broad spectrum of materials and the multiple
reuse requirement, the testing to accomplish this evaluation must be performed
in as efficient a manner as possible. A low cost cyclic screening test pro-
cedure for evaluating candidate TPS materials - metallics, surface insulators,
carbon-carbon composites, and ablators - in an arc heater test facility was
therefore developed. This procedure was then employed in an extensive cyclic
screening test program in which the complete spectrum of material concepts and
types was evaluated under simulated reentry convective heating conditions.

Consistent with the above requirements, the basic guidelines for the pro-
gram were to:

° Provide a test stream which simulates as closely as possible
the convective heating environment (heating rate, surface
pressure, and total enthalpy) expected for the space shuttle
orbiter vehicle

® Design and fabricate model and test sample configurations
which result in maximum test results and maximum test
efficiency

e Conduct cyclic tests of candidate TPS materials in this

environment and with these configurations to:

- Determine surface and in-depth temperature response
characteristics

- Define surface properties (emittance and surface cata-
lytic activity)

- Determine mass loss and surface recession

- Identify the sensitivity of the above to the cyclic
performance requirement




This report describes the low cost cyclic test procedure and presents
the screening test results for the spectrum of space shuttle orbiter TPS ma-
terials. Note that the interpretation of the test results was outside the
scope of this work and therefore is not included. Section 2 describes the
test program in terms of the test facility, test samples and models, instru-
mentation and data reduction, test procedure, and test conditions. Section 3
presents the calibration test results which encompassed the definition of the
basic test conditions, stream distributions and model distributions of proper-
ties (pressure, heat flux, and enthalpy), and surface catalycity measurements.
Section 4 presents the test results on the TPS material concepts (and types) -
metallics (TD nickel chrome, coated columbium, and coated tantalum), surface
insulators (LI-1500, HCF, REI, silicon carbide foam), carbon-carbon composites
(various oxidation inhibiting systems), and ablators (SS41). Finally, Section
presents the conclusions and recommendations.




SECTION 2
TEST PROGRAM

A detailed description of the test program is included in the following
subsections which present the:

) Test facility
) Model and test sample configurations
e Instrumentation and data reduction
) Test procedure
° Test conditions

2.1 TEST FACILITY

The tests were performed in the Aerotherm 1.5-MW arc plasma facility de-
scribed in Table 1, and the hyperthermal test stream was generated by the Aerotherm
300 kw constrictor arc heater shown schematically in Figure 1. 1In the arc unit,
the energy is added to the primary test gas via a steady electric arc discharge,
the arc striking from the tungsten cathode to the downstream diverging copper
anode. The primary test gas was high purity nitrogen and was introduced at the
downstream end of the cathode module. The secondary gas was high purity oxygen
in the proper amount to yield the composition of air and was introduced in the
plenum and mixing chamber.

The arc heater and associated hardware were cooled with high pressure,
deionized water. Power was supplied by a 660 kw continuous duty, 1.5 MW over-
load saturable reactor controlled DC rectifier. The conical test nozzle had a
throat diameter of 1.0 inch and an exit diameter of 8.0 inches. The arc heater,
plenum, and nozzle assembly were mounted on the vacuum test chamber to which
the nozzle exhausted. This chamber also contained the model sting mechanisms
and other necessary support equipment. The vacuum chamber pressure during test
was about 0.3 mm Hg for the 8-inch nozzle which closely matched the nozzle exit
pressure. The continuous vacuum pumping capability was provided by a five-stage
steam ejector vacuum pumping system.

The model stings were pneumatically actuated to provide a radial motion
in and out of the test stream and included variable stop positions for step-
wise traverse of the test stream. The stings were water cooled to provide
continuous duty operation at all test conditions. Three stings were employed
as follows: |

Sting Model Configuration
Position Sample Tests Calibration Tests
2 Test Sample Model Pressure Probe
3 Calibration Model Calibration Model

4 Test Sample Model Calorimeter

These model configurations are described below.



TABLE 1
DESCRIPTION OF TEST FACILITY

o Arc Heater

Type

Input Power
Chamber Pressure
Enthalpy

Gas Flow Rate
Gas Compositions

Stabilization
Electrodes

® Power Supply
Type
Rating
o Nozzles and Test Sections
Supersonic Nozzles
Exit Diameter
Throat Diameter
Area Ratio
Expansion Angle
Duct Flow Apparatus
Size
Model Size/Shape
Sonic Nozzles
Throat Diameter
Type
e Test Chamber
Size
Chamber Cooling
Viewing and Access
e Vacuum System

Type
Capacity

® Model Sting System

Type
Capacity

e Instrumentation

Enthalpy
Flow Rate
Temperature
Pressure
Recording

Aerotherm 1.5 Mw and 300 kw Constrictor Arc Heaters

1.2 Mw to 50 kw DC, 300 to 10 kw DC

0.04 to 30 atm

1000 to 80,000 Btu/1b

0.002 to 0.15 1b/sec -

N2, 02, Air, He, A, H2, CO2, CO, H20, HC1, BF3, Solid par-
ticles, and mixtures of the above

Gas

Copper/Tungsten, Copper/Copper

Rectifier, Saturable reactor controlled
800 kilowatts for 1 hour, 1 megawatt for 10 minutes

8.0 to 0.45 inch }
1.0 to 0.32 inch
64 to 2

7.5° and 8.5° half angle, and contoured

10 Combinations

0.1 to 0.5 inch high, 3.0 to 5.0 inch long, 1.0 inch wide
0.5 to 1.0 inch thick/flat or contoured

0.3 to 1.0 inch !
Water cooled or ablating test section

3.5 ft. diameter by 15 ft. long
Cooled diffuser with heat exchanger l
2 - 12 x 16 inch windows, 4 - 3 in. diameter quartz windows |

Steam ejector, 5 stage continuous operation
0.1 1b/sec at 10 torr, 0.02 Ib/sec at 0.2 torr, 0.004 1b/sec
at 0.05 torr

Pneumatic actuated, variable insertion speed
7 stings per test maximum

Energy balance, mass balance, heat fiux potential

ASME orifice, rotometer

Thermocouple, thermopile, pyrometer

Strain gauge & reluctance transducers and Bourdon tube gauge

High speed 80-channel digital data acquisition system with
magnetic tape recording, high speed 36-channel oscillo-
graph, digital and potentiometric recorders, oscilloscopes
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The test data were recorded on magnetic tape with an 80-channel digital
data acquisition system. The high speed, multi-channel system was required to
accommodate data recording of up to 78 channels (metallics tests) every minute
for at least 6-1/2 hours. The magnetic data tape was converted to an un-
scrambled, easily readable format on a second magnetic tape which served di-

rectly as the input to the data reduction computer code.

2.2 MODEL AND TEST SAMPLE CONFIGURATIONS

The flat-face stagnation point model and test sample configurations are
presented in Figures 2 and 3 as follows:

° Figure 2 - assembly drawing of models including test
samples for all four material types - metallics, surface

insulators, carbon-carbon composites, and ablators

° Figure 3 - photograph of a typical model and test samples

(metallics) showing model assembly, samples, and components

The flat-face model configuration was chosen for convenience in test sample
fabrication, and was 4 3/4 inches in diameter with a 1/8-inch corner radius.
This model body diameter allowed the maximum practical test sample size con-
sistent with uniform property distributions across the test samples for the
8-inch diameter test stream and the projected test conditions. The test models
were made of copper and were water cooled to:

) Provide a well defined backwall boundary condition
° Allow continuous operation at all test conditions
) Provide the necessary sample cooldown between cycles

For all but the ablator model, the models included a centerpost which
contained a calorimeter and pressure tap for continuously monitoring the test
conditions throughout each test. A peripheral copper ring was employed to in-
sure that the test samples were not exposed to any unusual thermal or aero-
dynamic edge effects such as:

® The large edge heat flux for a flat-face model in a uniform
stream (Figure 4)

e The large pressure gradient around the corner of the model

e Any significant drop-off in properties due to a non-uniform

test stream distribution

The outside diameter of the test samples was therefore 4 1/8 inches (metallics) to

4 1/4 inches (surface insulators and carbon-carbon composites), these dimensions
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accounting for the necessary thermal expansion allowance. The test sample or
test sample plus backup insulator was l-inch thick.

The backup insulator was Silfrax in all cases (metallics and carbon-
carbon composites). This material is a pure silica foam with a nominal den-
sity of 30 1lb/ft®. Originally, a lower density mat-type insulation was to
have been used; this material, however, exhibited difficult handling
characteristics and structural integrity for the multiple reuse and sample
change requirements of this program. A graphite foam insulation was also
checked out and found to exhibit a too severe long term degradation due to
oxidation.

The test model was designed to accept pie-shaped test samples of 60° or
multiples thereof (see Figures 2 and 3). The actual configurations employed
for the material types were as follows:

® Metallics - 60°
) Surface insulators - 180° and 120°
°® Carbon-carbon composites - 180°, 360°, and 60°

The pie-shaped configuration was selected as optimum based on a design study
at the start of the program; this configuration provided:

e Large surface area
° Low sensitivity to side wall losses

[} Versatility in the number and size of test samples
(6 at 60° each to 1 at 360°)

The alternate configuration that was rejected was an array of 6 test samples
approximately l-inch in diameter spaced 60° apart on a common model diameter.
Note that none of the above advantages are achieved with this configuration.

All designs incorporated the necessary quick-change capability for
optimum testing efficiency. The test samples were removed simply by removing
the retention pins in the peripheral ring (Figure 2 and 3). The backup in-
sulator where appropriate remained untouched and in place during sample re-
moval and installation. Spring-loaded thermocouples were used throughout to
eliminate the requirement for disconnecting instrumentation leads.

The metallic test samples had a single tab on the inside diameter (ID) and
two tabs on the outside diameter (OD) for retention (Figures 2 and 3). The ID tab
incorporated a hook detail so that it was unnecessary to remove the ID retention
pin for sample removal and installation. The metallic samples were separated by

quartz T sections which were higher than the metallic surface for thermal and flow

10




isolation. The backup insulator included instrumented thermocouple plugs
every 60°. Each plug contained 3 Chromel/Alumel thermocouples for in-depth
temperature measurement and definition of the metallic backwall heat loss.
These thermocouples were on a line offset from but parallel to the axis of the

plug; a hole on the plug centerline accomodated the spring-loaded thermocouple.

The surface insulator test samples were retained by the pins in the
peripheral ring only and no separator between test samples was used. Holes
to the midplane of each sample (1/2-inch depth) every 60° accomodated the
spring-loaded thermocouples (Figure 2). Additional instrumentation was not
practical because of the quick change requirements.

The carbon-carbon composite test samples were retained on the OD only
for the 180° and 360° samples and on both the OD and ID for the 60° samples.
The backup insulator had holes every 60° to accomodate the backwall spring-
loaded thermocouples. The 180° and 360° test samples were of the "truss

core" construction illustrated below. The triangular voids were filled

with graphite felt. 1Its susceptibility to oxidation required Dynaflex insu-
lation between the sample OD and the peripheral copper ring.

The ablator model/test sample (Figure 2) was simply a monolithic slab
4 3/4 inches in diameter with a 1/8-inch corner radius and 1 1/2 inches thick.
It was retained by pins around the periphery at the base of the test sample.
The ablative material was backed by a 0.035-inch thick aluminum plate bonded to
the ablative sample with RTV on one side and painted flat black on the other
side. A backwall thermocouple was peened in place on the aluminum plate.
Originally three plugs for in-depth temperature measurement and for weight loss
and dimension change measurement were to have been used. However, the material
was so poorly bonded together and to the honeycomb that it was impossible to
successfully fabricate the required l-inch diameter plugs.

11



2.3 INSTRUMENTATION AND DATA REDUCTION
Instrumentation was provided and data reduction was performed to define:
® Arc heater and facility operating conditions
o Test stream and model boundary conditions
) Test sample response

All data except for transient calorimetry were recorded on magnetic tape using
the 80-channel digital data acquisition system (Section 2.1). The data acqui-
sition system was set to trigger every minute at a scan rate of 43

channels per second. The unscrambled data tape served as the input to the

data reduction code which computed all data in proper units (e.g. °F, atm,
Btu/ft?sec) and also computed the appropriate multi-variable test and operating
conditions (e.g. energy and mass balance enthalpies, efficiency). The output
from the transient calorimeters was recorded on a high-speed, 36-channel os-
cillograph. 1In some cases, data were recorded by hand from visual indicators,
primarily as a backup to the recorded data. The instrumentation and data re-

duction in the above three categories is presented in the following paragraphs.

2.3.1 Operating Condition Measurements

The following basic operating condition measurements were made to char-
acterize arc heater and facility performance:

) Voltage

° Current

® Gas mass flow rate

® Cooling water flow rate

o Cooling water temperature rise
° Arc chamber pressure

L Test cabin pressure

Table 2 summarizes the various measuring devices and the standard laboratory
methods employed. The flow rates of nitrogen and oxygen were measured sepa-
rately as 76.8 percent nitrogen and 23.2 percent oxygen by mass to yield the
composition of air. Calibrated rotameter/pressure gauge combinations were used
to set and meter the gas flow rates. Calibrated sharp edged ASME standard ori-
fice was used to meter the cooling water flow rate. The arc heater cooling
water temperature rise differential thermopile consisted of a four-pair

12
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copper-constantan thermocouple assembly. Arc heater and test cabin pressures
were measured by one of several absolute pressure strain gauge transducers de-
pending on operating conditions. The transducer output signal was suitably
amplified for recording. Test cabin pressure was also periodically checked
with a McLeod gauge and was visually monitored during each test with a thermo-
couple gauge pressure indicator.

2.3.2 Test Condition Measurements

The boundary conditions to which the test samples were exposed were de-
fined by:

e Enthalpy
® Pressure
) Heat Flux
) surface catalycity effect
Three enthalpy measurement methods were employed:
® Energy balance
e Mass balance (sonic flow)
° Heat flux

The first two methods provided the average stream enthalpy and the last method
provided local enthalpy. Energy balance enthalpy was determined from measure-
ments of input power, total energy loss to the cooling water, and gas flow rate
from the relation

—3 .
heb _ an = QlOSS - 0.948 x 10 VI - meprTw (1)

.
m m

where the measurement of the necessary operating conditions (V,I,ﬁ,ﬁw,ATw) was
presented above. The mass balance enthalpy was determined from the relation

Bohe £(hyy) (2)

where this sonic flow parameter (left term) is essentially a function of en-
thalpy only. This function has been determined in Reference 1 to enthalpies
of 10,000 Btu/lb and extended to higher enthalpies in References 2 and 3.

The measurement of the necessary operating conditions (ﬁ and po) was presented
above and A, is the throat area. The heat flux enthalpy was determined from

14




calorimeter measurement of heating rate and the calculation of heat transfer
coefficient. This enthalpy is given by

.. _C
hhf =t h

W (3)
where q. is the stagnation convective heat flux measured by a catalytic sur-
face calorimeter, CH is the calculated heat transfer coefficient, and hw is
the enthalpy corresponding to the calorimeter surface temperature. The heat
transfer coefficient was calculated from the relation (References 4 and 3).

P
Cy = 0.042 { S (4)
eff

where Pg is the measured stagnation pressure and

Rofg = 3.78 Ry, (5)

for a flat face model at moderate to high Mach number (Reference 5).
Heat flux and pressure measurements were made as follows:

) Calibration model of identical geometry to the test models
of Figure 2 for model property distributions - 6 Gardon-type

calorimeters and 6 pressure taps

® 1l 1/4-inch diameter flat-face calorimeter model for stream
property surveys - Gardon-type calorimeter

° 3/8-inch diameter pitot probe for stream property surveys

) 1 1/4-inch diameter flat-face calorimeter model for surface
catalycity measurements - slug calorimeter

The calibration model is shown in Figures 5 and 6 in the form of an assembly
drawing and a photograph, respectively. The model body was copper and water
cooled and the calorimeters were also individually water cooled. The calori-
meter assemblies were held in place with set screws. The configuration and
the assembly details of the calorimeters used for surface catalycity measure-
ments are presented in Figure 7. The surface treatments employed on these
calorimeters were:

) Catalytic - clean, polished copper

 J Noncatalytic - teflon coated or silicon monoxide coated copper

15
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The calorimeter model employed for stream surveys had the identical geometry
to that of Figure 7 but used a Gardon-type sensor identical to those of the
calorimeter model (but with double the heat flux capacity).

2.3.3 Test Sample Response

The test sample response was defined quantitatively by measurements of
surface and in-depth temperatures, surface recession, and weight loss, and
qualitatively by photography as presented in Table 3. The surface temperature
was measured pyrometrically with 2 or 3 different pyrometers:

° Infrared Industries Thermodot TD-7 Pyrometer - Sensing
wavelength range from 1.7 to 2.6 microns, low to moderate
temperatures, requires accurate knowledge of emissivity

) Infrared Industries Thermodot TD-9 Pyrometer - Sensing
wavelength of 0.8 microns, moderate to high temperatures,
relatively insensitive to emissivity

° Thermogage Miniature Optical Pyrometer - Peak sensing

wavelength of 0.9 microns, low to high temperatures

The primary pyrometer (TD-7 or TD-9) was mounted on an oscillating mechanism
which indexed the pyrometer 60° every minute and which described a circle
through the central region of the test samples. This unit is shown schemati-
cally in Figure 8. The drive unit was an automatic stepping motor, and the
drive mechanism pivot and adjustable swing radius allowed the motion to de-
scribe an ellipse (including a circle) with any major and minor axis required.
Note that an elliptical pattern was required when viewing the test model at an
angle. The secondary pyrometer(s) typically viewed one of the test samples
throughout a cycle.

Backwall temperatures for the metallic and carbon-carbon composite
test samples and midplane temperatures for the surface insulator test samples
were measured with platinum/platinum 13 percent rhodium or Platinel spring-
loaded thermocouples. For the metallic test samples, the original gpring-
loaded thermocouple configuration apparently represented a noticeable heat sink.
This configuration with a 0.093-inch diameter insulator and 5 mil thermocouple
wire was modified to a 0.031-inch diameter insulator and 3 mil thermocouple wire,
and the problem was eliminated. Also for the metallics, the Silfrax backup
insulator was instrumented at each of the six sample locations with three
Chromel/Alumel thermocouples as discussed previously.

19
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Surface recession was measured by a special microscope micrometer shown
in Figure 9. This device employed the microscope focus as the surface position
indicator. This non-contact technique was necessary to insure no disturbance
of the typically delicate surface coatings or oxide films. Weight loss was
measured with a conventional semi-micro analytic balance and the gualitative
test sample response was defined by pre- and post-test 35 mm color still photo-
graphy. Surface recession and weight loss measurements and color photography
were performed nominally after every six cycles or after a sample was changed
for any reason.

2.4 TEST PROCEDURE

Testing on the metallics, surface insulators, and carbon-carbon compo-
sites was nominally performed in blocks of six cycles on each of the two test
models as shown in Figure 10. For a typical 8-hour shift, testing was performed
during a continuous 6-1/2 hours of facility operation and the remaining 1-1/2
hours was occupied by test sample changes and measurements. As shown in
Figure 10, the calibration model was exposed to the test stream before and after
each cycle (accounting for the extra 1/2 hour). The data acquisition system
" operated continuously during the 6-1/2 hour period. The nominal test procedure
(Figure 10) was typically repeated 5 times to achieve the required 30 cycles of
exposure. The model identification (2 and 4) of Figure 10 corresponds to the
two sting positions employed; the calibration model was in sting position 3.
Test sample failures and off-nominal cycling in some test series resulted in a
modification to the number of cycles between facility shutdowns. The same cycle
variables of Figure 10 were maintained throughout the program, however. Two-
model operation as illustrated was nominally employed throughout the program
for optimum efficiency. Sample failures, however, necessitated single model
operation in 9 3/4 of the 271 1/3 facility hours of the program. In these cases
the cooldown period was either the nominal 30 minutes or the time for the back-
wall to reach 100°F,

The tests were performed by controlling the predetermined surface temper-
ature for the metallics and about half the surface insulators. The one location
of the six viewed by the primary pyrometer that was hottest was used as the
reference location for this temperature control. In all cases once the desired
temperature was achieved, this temperature was held with only minor changes in
test conditions, these changes being accomplished simply by changing arc heater
current. Part way through the surface insulator test series, the surface tem=- _
perature control approach was reassessed in the light of the unknown or question-
able values of emissivity and surface catalycity. Based on this reassessment,
all subsequent tests were performed by controlling the predetermined convective
heat flux (see Section 4). This was accomplished simply by operating at constant

arc heater current.
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Figure 9 Microscope Micrometer for Surface Recession Measurement
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The ablator model/test samples were tested at constant heat flux con-
ditions for single exposures of 1000 or 2000 seconds duration.

A detailed log of the test sample status and of the test parameter
identification was necessarily maintained continuously throughout the program.
Contingency plans in case of failure were also continuously maintained and up-
dated to eliminate any delays in the test operations.

2.5 TEST CONDITIONS

The nominal test conditions are presented in Figure 11 and Table 4
The indicated heat flux - surface temperature correspondence applies for a
fully catalytic surface with a surface emissivity of 0.85. The baseline test
parameters were a nominal heat transfer coefficient of 0.0038 lb/ft?sec and a
nominal stagnation pressure of 0.006 atm with heat flux variation accomplished
by enthalpy variation. These test conditions were typical of the shuttle vehi-
cle reentry heating (e.g., see Reference 6), and eliminated heat transfer co-
efficient and pressure as a variable in interpreting the test results. In order
to study surface catalycity effects on surface insulators, one test series was
performed at higher values of heat transfer coefficient and pressure, and a broad
range of heat flux was achieved over one cycle for each of two test models,
Originally, the maximum heat flux was to have been 56 Btu/ft?sec (ablators), and
the above baseline values of heat transfer coefficient and stagnation pressure
were selected on this basis. After the test program had started, the maximum
heat flux value was raised to 100 Btu/ft’sec (ablators and carbon-carbon com-
posites) to provide more representative test results.

For the tests performed at predetermined surface temperatures, variations
in the nominal conditions shown in Figure 11 and Table 4 were necessary
due to variations in surface emissivity and surface catalycity.
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SECTION 3

CALIBRATION TEST RESULTS

Calibration tests were performed at the original nominal test conditions
to define the:

° Centerline and bulk average properties

° Distribution of properties across the test stream
) Distribution of properties across the test model
) Catalytic and noncatalytic surface heat flux

The results of the calibration tests are presented in the following sub-

sections.

3.1 Centerline and Average Properties

The basic test conditions were defined by measurements of the

centerline and average properties as follows:

) Enthalpy
- Energy balance (average)
- Mass balance (average)
- Heat flux (centerline)
Stagnation (pitot) pressure (centerline)
Cold wall heat flux (centerline)

These results for the original nominal test conditions are presented in

Table 5.* The test conditions are presented in order of ascending enthalpy.
The test condition number primarily identifies the air flow rate at which the
tests were run; current was then varied to achieve the desired surface
temperature or heat flux. All measurements but heat flux enthalpy and model
heat flux were obtained directly from the data for the indicated test number.
Heat flux enthalpy was defined from Equations (3) through (5) and the

SE—
No sample tests were performed for test conditions 4 and 8 but they are included
since surface catalycity results were obtained and presented later. Preliminary
calibration results were also obtained for test conditions 1, 2, 3 and 5, but

they are not included since no sample tests were performed and no surface
catalycity results were obtained.
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calibration model results obtained during both the calibration and sample

test series. This enthalpy was plotted as a function of current, as shown for
example in Figure 12 for test condition 9, and the best-fit line then used to
define the enthalpy value for the measured current. The model cold wall heat flux
presented in the table was calculated from the relation (References 2 and 3)

0.042 Ps h (6)
q, = 0.
o] Reff hf

As seen from the table and presented in Section 2.6, the nominal stagnation
pressures were 0.006 and 0.014 atm.

The basic test conditions seen by the test model were defined by the
centerline values (Table 5):

) Heat flux enthalpy
o Stagnation pressure
) Model heat flux

Note that the heat flux enthalpy was significantly higher than the two average
enthalpies. In most cases this enthalpy and the indicated model Leat flux

were representative of that for the test stream seen by the model and the
complete model surface (as presented in Section 3.2 and 3.3). For some
conditions at heat fluxes above the originally anticipated maximum 56 Btu/ftzsec,
the heat fluxes dropped off considerably with radial distance from the

centerline, however.

3.2 Stream Distributions

The measured distributions of stagnation pressure, heat flux, and
enthalpy across the test stream are presented in Figure 13 for all test
conditions.* The complete set of test conditions corresponding to each plot
is presented in Table 5 by test condition and test number. The enthalpy was
calculated from Equations (3) through (5) applied to the local measurements
of heat flux and stagnation pressure (Reference 2),.

—
All except test condition 13 which was added to the program after the
calibration tests were completed.
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31

A-508



sayouL 0y = oy

9S4dARL] Auewlad wWoud
h ayzzoN jo 8pLS @3Lsoddp uo
uoL3es0q ajedipul spoquhs paf|td

*S3I1ON

w:; v
ucHu
d O

S3|NS3Y UOLINQGLAISLQ WBSUIS 3S3]

9 uoL3Lpuoy 3sa3j (e
€l aunbty

%y/4 snipey 9|zZON Sssajuorsuawlg

01 8" 9° v A 0
_ _ 0
|2POW 3IS91
4] 2
0] 3
(=]
o
m
v 2
V.
w
b=
[+
o -
®
3
.-
o s
\V4 a
[ d
(o)
0] <
8 =
L/ o
3
m o o @ :
w 9 & ¥ot
>
i
2
1

—.I

L26t 31531

32




[ uot3tpuoy 3saj (g
panuiiuo) ¢| adanbiy

mm\m snipey 9|zzoN ssatfuoLsuswi( m
0L 8" 9° v 2" 0
_ 0
[9PON 3501
a
2
\V/
0] o]
b
17
9"
Q
a
o 8
v 8 g
@ 8ot
>
v
~
(o}
21

L= L26l 3591

saniep b 031 paduasajsay saijuadoud

33



g uot3tpuo) 3saL (?
panuiLjuo) ¢l 3d4nbiy4

®y/y snipey 2|zzoN ssaluoisuduig 1
01 8’ 9° A rA 0
_ |
|9POK 3Is3]1
o)
4
o)
v 8
81 B—a
) -4
)
o

1= LE6L 3S3L

0"t

saniep b 03 padcuduaiay satjuadougd

34




QL uoL3tpuol 353}

(p

panuijuo) ¢l @24nbi4

9y/y snipey a[zzoN Ssaluolsuduwiq

: 9° 2 0
0L .
O -
L3POW 3531
v .
o
0 1A
g-
g
o)
o
A4
8 -8 G0
»
o
~
~
21

Nl

LE6L 353l

sanfep bh 03 paduauajay satiuddodd

35



m:cAQ

UUD

d O

UOLILPuUO) 3153]

panutiuo) ¢ 3aanbi4

(2

®W/y snipey a12zON SS3[u0OLSuduwiq

g

9°

y

<

odn

O~ 2

gLie-y

rs

ml

LE6L 3IS38L

saniepA b 03 paduauadjay saLrjdadouay

36




wccnw

2l uoi3lipuol 3sal (3
papniaouo) g| 8a4nbtL4

®w/¥ snipey a{zzoN Ssa|uo|suauwLq

g

9° v’ ¢’

o

[8POW 3531

d4a

dm
)

b114-v

b= [€61 3IS®L

saniep b 03 padsuaudsay salruadoud

37




The distributions are essentially flat across the model region for the
low and moderate enthalpy conditions but drop off at the high enthalpy
conditions. This nonuniformity is not as apparent in the model distributions
(Section 3.3) since the stream tube that the model sees is smaller than
the model diameter. The measurements on the opposite side of the stream
centerline indicate that the test stream is symmetric about the centerline
except for some nonuniformities at high enthalpy.

3.3 Model Distributions

The measured distributions of heat flux and stagnation pressure
across the model face are presented in Figure 14 for all test conditions.*
The complete set of test conditions corresponding to each plot is presented
in Table 5 by test ccndition and test number. The tails on the symbols denote
calorimeter locations 90° either side of the primary calorimeter locations.
The scatter in the heat flux measurements is felt to be due to scatter in
the calorimeter performance and not an indication of the actual distribution
on the model. Irregularities in the sensor surface and in the surface at
its attachment to the calorimeter body and the resultant disturbance to the
convective heating are the probable cause. Note that the pressure distributions
are uniform.

The distributions are relatively flat for the low and moderate enthalpy
conditions, and drop off for the high enthalpy conditions. This drop-off was
more severe for some tests at higher heat fluxes than achieved in these
calibration tests as discussed in Section 4. The circumferential uniformity
(as defined by the pressure measurements) is seen to be excellent at all
conditions.

3.4 Surface Catalycity

The surface catalycity test results are presented in Table 6 for
all test conditions.* The catalytic surface was polished copper and the non-
catalytic surface was a teflon coating. Tests were also performed with a
silicon monoxide coating but it exhibited only a slight non-catalytic effect
due apparently to an improper coating process. The average value of
noncatalytic-to-catalytic surface heat flux was 0.61 and no consistent trend
with enthalpy was apparent.

—
See footnote p. 30
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SECTION 4

TEST RESULTS

Detailed test results in terms of:

Surface and in-depth temperature response
Mass loss and surface recession response
Surface properties of emissivity and catalycity

Failure modes and operating limits

were obtained for all candidate shuttle TPS concepts - metallics, surface

insulators, carbon-carbon composites, and ablators. Typical results are pre-

sented in the following subsections according to the above material categories,

Prior to this presentation, an overview of all results is also presented.

4.1 OVERVIEW

The types of materials tested in each material category were as follows:

Metallics

TD nickel chrome (TD NiCr)
Coated columbium (Cb)
Coated tantalum (Ta)

surface insulators

LI-1500

HCF

REI

Silicon carbide foam (SiC)

Carbon-carbon composites
Various coating systems (including none)
Ablators

Ss41

A complete tabulation of all test results for all the above materials is presented
in Appendix A. These tables describe in detail the:
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) Test samples

. Test conditions

) Test sample response

° Test sample performance

and include tabulations for each continuous testing period (nominally 6 cycles)
of:

' Enthalpy

[ Heat flux

) Stagnation pressure

° Heat transfer coefficient

' Exposure time

o Surface temperature

° Surface emissivity

° Backwall and in-depth temperature
) Mass loss

o Dimension change

) Qualitative description of sample performance

Because of the great quantity of results, the variations of the above parameters
through each cycle are not included. These results are available at Aerotherm,
and typical results are presented in the following subsections. The 35 mm color
slides of the test sample before test and after each continuous testing period
also are not included here. These are available at the Ames Research Center,

and typical results are also included (in black-and-white) in the following
subsections.

The range of test conditions and material response for the metallics is
presented in the table below where the primary test conditions resulted in
apprcximate surface temperatures as follows:

o TD NiCr -~ 1950°F, 2175°F, 2400°F
i Coated Cb - 2500°F

L Coated Ta - 2700°F

—
Nick S. Vojvodich, 415 965-6108
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. Surface Heat Total Stagnation
Me;alilc Temperature Flux Enthalpy Pressure
Yp (°F) (Btu/ft2sec) (Btu/1b) (atm)

TD NiCr 1800 to 2400 10 to 25 3200 to 6500 0.006
Coated Cb 2500 42 11,000 0.006
Coated Ta 2300 to 2700 42 to (90) 11,000 to (20,000) 0.006

Typical results for the metallics are presented in Section 4.2,

All surface insulator types were exposed to the same test conditions.
This range of conditions and the corresponding range of response for the
surface insulators (LI-1500, HCF, REI, and SiC foam) is presented below:

° Surface temperature - 2000 to 3000°F
e Heat flux - 25 to 85 Btu/ftlsec
® Total enthalpy - 5000 to 24,000 Btu/lb
° Stagnation pressure - 0.006 to 0.007 atm
Typical results for the surface insulators are presented in Section 4.3.

Fary . :
The carbon-carbon composites were exposed to a single nominal test
condition which was

e Heat flux - 75 Btu/ft?sec
® Total enthalpy - 19,000 Btu/lb
° Stagnation pressure - 0.007 atm

The measured surface temperature at this condition for the several coating
systems tested covered the range 2100 to 2900°F.
carbon composites are presented in Section 4.4.

Typical results for the carbon-

The ablator models were tested at two nominal test conditions as follows:
e Heat flux - 40 and 100 Btu/ft?sec

° Total enthalpy - 9500 and 19,000 Btu/lb

o Stagnation pressure - 0.006 and 0.007 atm

and the resultant surface temperatures were approximately 2000 and 2600°F,
respectively, for the SS41 material tested. Typical results for the ablators

are presented in Section 4.5.
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4.2 METALLICS
4.2.1 Test Matrix

The types of metallics tested were TD nickel chrome, coated columbium,
and coated tantalum. The TD NiCr samples were pre-conditioned to yield high
initial emissivity, the coated Cb samples all had R512E coatings but three
different substrates were used (Cb-752, FS-85, and C129Y), and the coated Ta
samples were fabricated by two different suppliers (LMSC and Solar). A more
detailed description of the test samples is presented in Appendix A.

The nominal and actual test matrices for these materials are presented
in Figure 15. The lines -<=—» indicate the nominal test program, and in the
absence of any other symbols the actual test program as well. The symbol A
indicates termination of testing on the particular sample due to a sample failure
and the symbol @ indicates termination of testing on the particular sample due
to insufficient companion samples. In the case of a sample failure, testing
was continued whenever possible by replacing the failed sample with another to-
be-tested sample or with a spare sample. Note that the open block on the right
side of the coated Cb test matrix (Figure 15b) accommodates the coated Ta
test matrix (Figure 15c).

The TD NiCr test program (Figure 15a) was performed as projected - no
sample failures occurred. The nominal surface témperatures at which tests were
performed were 1800°F, 2000°F, and 2R00°F, which when corrected as discussed
below were actually about 1950°F, 2175°F, and 2400°F.

The coated Cb test program (Figure 15b) included some failures as .
noted. The necessary 6 sample set required to continue testing was maintained by:

) Performing some of the 1 and 5 cycle tests as part of the long term

test series (50 and 25 cycles)

*
) Replacement of the failed samples with spare coated Ta samples

The nominal surface temperature was 2300°F which when corrected as discussed
below was actually about 2500°F. The 1 and 5 cycle samples all contained inten-
tional flaws in the form of holes, coating removal, notches, and impressions.

The coated Ta test program (Figure 15c) was rather abbreviated due to
sample failures. A maximum of 5 cycles was achieved at the nominal test condition;
however, one coated Ta sample went 33 cycles total - 32 at the coated Cb test
condition and 1 at the coated Ta test condition (see Appendix A). The nominal

—
These samples are not included in the test matrices of Figure 15 but the
results are included in Appendix A.
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surface temperature for the coated Ta test series was 2600°F which when corrected
as discussed below was actually about 2700°F. The 1 and 5 cycle samples all

contained intentional flaws in the same form as the coated Cb samples.

4.2.2 Typical Results

Typical test results for the metallics are presented below in terms of
surface temperature and mass loss response, emissivity and surface catalycity,
and failure modes and operating limits. Emphasis is placed on TD NiCr because
of the quantity and quality of the results. In the cases where results for
TD NiCr only are presented, similar results for coated Cb and coated Ta are avail-
able in Appendix A.

Typical surface temperature results for the metallics are presented in
Table 7. The significant disparity in the results for the different measurement
techniques used is apparent. Because of this disparity, all results were sub-
jected to detailed scrutiny during and after the test program. This study indi-
cated that:

° The metallics exhibit a decreased emissivity in the sensing wavelength
band of the primary TD-7 pyrometer. The actual surface temperatures
were therefore higher than measured.

° The spring-loaded thermocouples exhibited at least a small error due
to contact resistance and conduction losses. The actual surface
temperatures were therefore higher than measured.

o The Thermogage pyrometer indicated more realistic temperatures but

was somewhat erratic for unexplained reasons.
These conclusions are amplified in the following paragraphs.

During the metallics test series, detailed information on the spectral
emissivity of the oxide coating on TD NiCr and the coated Cb and coated Ta sur-
faces was not available. Total emissivity values of 0.85 were felt reasonable
for all surfaces and in the absence of better data were used for pyrometer
measurements and surface temperature éontrol. After test, emissivity measurements
on the TD NiCr samples were made (Reference 7)* and some preliminary results
are presented in Figure 16. These results show a minimum emissivity of about
0.56 near a wavelength of 2 microns. Note that this region of lower emissivity
falls in the wavelength band of the TD-7 pyrometer, and that the average emissiv-
ity in this band is about 0.61. Also note that a reasonable total emissivity in
the temperature range around 2000°F (half the radiant energy below about 3 microns,
peak radiant energy at 2.1 microns) is about 0.75.

* .
These measurements are currently in progress on the actual samples tested and
therefore final results are not available at this writing.
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Based on the results of Figure 16, the TD-7 pyrometer output should be
corrected for an emissivity of 0.61 for TD NiCr, and this correction is shown
in Figure 17. The resultant typical temperatures are also included in Table 7,
Actual temperatures for TD NiCr were therefore about 150°F to 200°F higher than
originally measured with the TD-7 pyrometer. Note from Table 7 that the
Thermogage pyrometer, which is relatively insensitive to emissivity, provided
results which agreed quite well with the corrected TD-7 pyrometer results.

No emissivity data were available for coated’Cb and coated Ta, and
therefore the similar analysis for these materials was not performed. The com-
parison of the TD-7 and Thermogage pyrometer results indicate a similar emissiv-
ity depression in the wavelength region around 2 microns for these materials
however.

The corrected TD-7 pyrometer results for TD NiCr indicate that the
spring-loaded thermocouples measured a temperature about 200°F lower than actual
(Table 7). An approximate error analysis considering conduction losses and con-
tact resistance accounted, at the maximum, for about 50°F of the apparent 200°F
error. The remaining contribution, except for the possibility of unusually
poor contact, is presently unexplained. The 200°F error for TD NiCr has also
been determined in the program of Reference 8 however. These results for
TD NiCr indicated that, although the Aerotherm spring-loaded probes used
herein exhibited the best accuracy of those evaluated, the indicated temperature
was about 200°F lower than the actual surface temperature. On the basis of
this analysis, all spring-loaded thermocouple results for TD NiCr should be
corrected by about +200°F.

Based on the above discussion of the pyrometer results for coated Cb and
coated Ta, the spring-loaded thermocouple measurements are also in error for
these materials but not by as large an amount. The approximate corrections are:

® Coated Cb + 100°F
) Coated Ta + 50°F

The reason for the improved accuracy of the spring-loaded thermocouples
for the coated samples is not obvious. Possibly the roughness and compliance
of the coatings allowed a more intimate contact with the sample.

Based on the above presentation, the surface and backwall temperatures
for metallics presented in the tables of Appendix A and unless otherwise noted
in the presentation below should be corrected approximately as follows:
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° TD NiCr

TD-7 F. . ometer Spring-Loaded Thermocouple
+ 150 vo 200°F (Figure 17) + 200°F

® Coated Cb
+ 200°F + 100°F

® Coated Ta
+ 150°F + 50°F

The nominal surface temperautres at which these materials were tested were

therefore:
° TD NiCr - 1950°F, 2175°F, 2400°F
° Coated Cb - 2500°F
) Coated Ta - 2700°F

Typical surface and backwall temperature history results for a single
TD NiCr test sample over six cycles are presented in Figure 18. These tempera-
tures are uncorrected relative to the analysis above. The spring-loaded thermo-
couple agrees very well with the pyrometer measurement throughout the test,
which is of course due to the similar magnitude of the errors in these two
measurement techniques (see above).

Typical temperature distributions through the Silfrax backup insulator
for the metallics tests are shown in Figure 19. At 5 minutes into the cycle
the response is still transient; however, steady state is achieved within 15
minutes. The heat loss defined from these distributions is less than 5 percent
of the incident flux - 0.44 Btu/ft’?sec loss versus approximately 10 Btu/ftZsec
incident. Note that the corrected backwall temperature on the metallic test
sample (point at zero distance below the surface) is of the order of 50°F higher
than the extrapolated surface temperature of the Silfrax backup insulator. Aan
approximate analysis indicated that this difference is consistant with minimal
contact and radiation interchange between the metallic sample and the backup
insulator.

Mass loss results for each set of 3 TD NiCr samples that were tested for
30 cycles are presented in Figure 20. The effect of temperature is significant
both in the magnitudes of the weight loss and in the rates of change with time.
The average loss rates over 30 cycles and the trends in loss rates at 30
cycles are presented in the table below.
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Loss Rates
Corrected Average Over Trend at
Temperature 30 Cycles © 30 Cycles
1950°F 0.00014 1b/ft2hr Zero
2175°F 0.00057 1b/ft2hr Decreasing
2400°F 0.00160 1b/ft2hr Constant or
increasing

Typical surface catalycity results for all metallic types are presented
in Table 8. The surface catalycity ratio (SCR) is the ratio of the radiation
equilibrium heat flux to the calculated hot wall heat flux (based on the
measured cold wall heat flux)

L
eoTw

SCR = = (7)
9hw Ahw

These results indicate that the oxide film formed on TD NiCr is nearly fully
catalytic and that the coated metallics surfaces are partially noncatalytic
with typical surface catalycity ratios of approximately:

® Coated Cb - 0.70
® Coated Ta - 0.60

At the three nominal temperatures studied (1950°F, 2175°F, and 2400°F) for the
TD NiCr test samples, consistent results were obtained and no failures occurred.
In the coated Cb tests at a nominal temperature of 2500°F, one of the coating/
substrate systems (R512E/FS-85) exhibited superior performance with a capability
to survive approximately 50 cycles. The other two coating/substrate systems
(R512E/Cb-752 and R512E/C129Y) exhibited about equal performance with a capability
to survive approximately 20 cycles. The sample failures were the significant
loss of material, this loss typically starting at the edge of the sample.

Some of both the coated Cb and coated Ta samples contained deliberate
flaws in the form of holes, removed coating, notches, and impressions. In
general, the flaws in the coated Cb samples (2500°F) healed with exposure to
the simulated reentry heating conditions, whereas the flaws in the coated Ta
samples (2700°F) grew and in some cases caused catastrophic failure.

An overview of the response characteristics of TD NiCr, coated Cb, and
coated Ta is presentéd in Figure 21. The representative photographs presented
are from the 35 mm color slides taken of each sample through its exposure
history and illustrate the performance capabilities presented above.
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Figure 21 Response Characteristics of Metallics

a) TD NiCr

66




068700

079700

2500°F

Hole
000/00 » Sample/Cycle
Figure 21 (Continued)
b) Coated Cb
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Figure 21 (Concluded)

c) Coated Ta
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4.3 SURFACE INSULATORS

4.3.1 Test Matrix

The types of surface insulators tested were LI-1500, HCF, REI, and SIC foam.
For the first two types, 5 and 3 different surface coating variations, respectively,
were tested. For the last two types, there were no material variations. The de-
tailed description of the test samples is presented in Appendix A.

The nominal and actual test matrix for the surface insulators is presented
in Figure 22. The symbology is the same as for the metallics. Note that the test
matrix includes some replacement samples used in place of samples which failed. A
single test series was run at the same heat flux but with approximately twice the
stagnation pressure and reduced enthalpy (see Equation (6)) to investigate the
affect of these variables. Another test series included 120° test samples of REI,
HCF, and LI-1500 in each of the two test models.

The sample failures indicated in the test matrix were not necessarily in-
dicative of the material performance capabilities. The initial emissivity data
available and used for LI-1500 was incorrect and resulted in high surface tem-
peratures, the radial split line between samples resulted in a sinqularity re-
gion which promoted failure, and the retention pins could have promoted the SiC
foam failure (cracks). The specific failures are defined below:

Sample Reason for Failure

139 Actual emissivity lower than used

for surface temperature control

146 Same as sample 139

133 Severe cracking

127 Subsurface removal along radial split line
128 Same as sample 127

129 Same as sample 127

147 Severe coating cracking

148 Same as sample 147

149 Same as sample 147

150 Same as sample 147

152 Same as sample 147

4.3.2 Typical Results

Typical test results for the surface insulators are presented below in
terms of temperature and mass loss response, emissivity and surface catalycity,
and failure modes and operating limits. Emphasis is placed on the test series
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which employed 120° test samples of REI, HCF, and LI-1500 since it provides
complete comparative data and since the TD-9 pyrometer was used which provides
a high confidence level in the surface temperature results because of its
relative insensitivity to emissivity (Section 2.3.3). Results not presented

are included in Appendix A.

Typical surface and in-depth temperature results over a single cycle for
all three 120° test samples in one test model (REI, HCF, and LI-1500) are pre-
sented in Fiqure 23. The in-depth spring-loaded thermocouple is at the mid-
plane of the test samples (1/2 inch below the surface). The different insula-
tive performance of these materials is apparent from these measurements. The

heat flux level for these tests was approximately 30 Btu/ft’sec.

Typical mass loss results for the same set of 3 RSI test samples (REI,
HCF, and LI-1500) exposed at constant heat flux are shown in Figqure 24. The
average loss rates over 30 cycles are:

Average Loss Rate

RSI Type Over 30 Cycles
REI 0.00085 1b/ft?hr
HCF 0.00250 lb/ft’hr
LI-1500 0.00050 1b/ft’hr

Note that the high average rate for HCF is due to the very high rate during the
first few cycles (during which the surface temperature was also high due to the
catalytic surface condition discussed below).

During one cycle on each of 2 models (cycle 1 for one and cycle 2 for the
other), the test conditions were varied in steps to define the surface cataly-
city effect over a flux range from about 25 to 50 Btu/ft’sec. These results,
obtained on one of the HCF versions, are presented in Figure 25. The solid line
is the calculated fully catalytic wall variation of heat flux with surface tempera-
ture. The dotted line is a fit of the catalycity calibration results presented
in Section 3 (qnoncat/qcat = 0.61). This version of HCF is seen to have a non-

catalytic surface at approximately the above heat flux ratio defined from the
calibration tests.

The surface insulator types, and the coating variations within each type
where appropriate, exhibited a wide range of surface emissivity and surface
catalycity - from about 0.3 to 0.9 emissivity and from nearly fully catalytic
to essentially fully noncatalytic. These properties varied with the material
and the coating and also varied with exposure time. The low emissivity cor-~
responded to LI-1500 in the sensing wavelength of the TD-7 pyrometer, and the
high emissivity corresponded to the SiC foam. All coatings and the SiC foam
exhibited essentially fully noncatalytic surfaces (based on the calibration
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test results) except for one version of the HCF coating which transisted from
essentially fully catalytic to fully noncatalytic by about the fifteenth ex-
posure cycle. Typical surface catalycity results for all surface insulator types
are presented in Table 9 and bear out the above discussion.

A comparison of typical pyrometer measurements for the surface insulators
is presented in Table 10. These results indicate an emissivity depression for
all coatings in the wavelength band of the TD-7 pyrometer (around 2 microns)
similar to that for the metallics. The results for SiC foam however do not
indicate any such emissivity depression.

In general, the surface insulators were qguite sensitive to singularities
such as the radial split line between test samples, the joint between the model
centerpost and the sample, and the test sample retention points (Figure 2).
Unexpected surface emissivities (lower than anticipated) and variations in sur-
face catalycities resulted in some unusual and sometimes catastrophic test
sample response early in the test series when test conditions were controlled
according to the desired surface temperature. Because of these results, all
subsequent tests throughout the program were performed at constant heat flux
rather than constant surface temperature.

The primary failure mode for all materials, in addition to the singularity
failures mentioned above, was surface and in-depth cracking. In addition, LI=-
1500 at very high heat flux exhibited melting. All coatings also appeared to
be moisture absorbant after exposure.

Typical qualitative response characteristics of the surface insulator
test samples are presented in Figure 26 which was taken from the 35mm color
slides of the test sample response.

4.4 CARBON-CARBON COMPOSITES

4.4.1 Test Matrix

The major portion of the carbon-carbon composite tests were performed on
180° and 360° truss core* test samples with a wide variety of unspecified coat-
ing systems. A more detailed description of the test samples is presented in
Appendix A.

T
See Section 2.2.
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| LI-1500 2100°F

HCF 2500-2200°F

REI 2200°F

30 Btu/ft?sec 000/00 > Sample/Cycle

Figure 26 Response Characteristics of Surface Insulators
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The nominal and actual test matrix for the carbon-carbon composites is
presented in Figure 27. The symbologv is the same as for the metallics. The
first four samples were tested at a nominal heat flux of 95 Btu/ft®sec and all
other samples were tested at a nominal flux of 75 Btu/ft?sec. All but the last
eleven samples were 180° or 360° truss core samples; the last eleven were 60°
conventional samples. The coating systems were unspecified but included no
coating at all. Only one sample (48) survived 30 cycles; the sample failures
are discussed below.

4.4.2 Typical Results

Typical test results for the carbon-carbon composites are presented be-
low in terms of temperature and mass loss response, emissivity and surface
catalycity, and failure modes and operating limits. Results not presented are
included in Appendix A.

surface and backwall temperature results for a single typical truss core
model for three of the twelve cycles of exposure are presented in Figure 28,
The cross-hatching indicates the range in temperature over the six positions
for which the pyrometer viewed the test sample. The surface temperature re-
mained essentially constant throughout the entire cyclic exposure. The back-
wall temperature dropped continuously throughout this exposure, however. The ex-
planation is not obvious but two possibilities are:

° Degradation of the thermocouple performance

° The internal oxidation of the truss core reduced the conduction path
to the backwall and therefore the temperature at the backwall

Typical mass loss results for two samples with large variations in sur-
face catalycity (see below) are shown in Figures 29. Note that this loss in-
cludes the effects of internal oxidation (see below) and therefore the results
reflect a loss which is greater than that of the surface alone.

Specific emissivity data were not available for the test samples and there-
fore the value of 0.85 suggested by the supplier was assumed for all samples.
Within this assumption, the surface catalycity exhibited the spectrum from
nearly fully catalytic to fully noncatalytic depending on the coating type. At
a heat flux of about 75 Btu/ft?sec, this range in catalycity resulted in a mea-
sured surface temperature range from 2900°F to 2100°F, This corresponds to a net
flux to the surface for the noncatalytic condition that is about 25 percent of
that for the fully catalytic condition. This very large effect is due to the
large boundary layer atom population at the high enthalpy (19,000 Btu/lb) and
low pressure (0.007 atm) at which these tests were performed. Typical results
are presented in Table 11.
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The observed failure modes included:

° Local coating failure and the subsequent severe in-depth oxidation of
the carbon-carbon subsurface '

) Gross coating failure due to cracking
° Severe internal oxidation

Typical qualitative response characteristics which include these failure modes
are presented in Figure 30.

4.5 ABLATORS
4.5.1 Test Matrix

A single ablator type with honeycomb reinforcement - SS41 - was tested.
The test samples formed the entire test model as shown in Figure 2. The de-
tailed description of the test samples is presented in Appendix A.

The nominal and actual test matrix is presented in Figure 3l1. The test
samples were exposed for 1000 sec and 2000 sec to define the time variation of
the response parameters. The two nominal heat flux conditions were 40 and 100
Btu/ft?sec.

At the high heating rate condition, the 100 Btu/ft’sec flux was essen-
tially double the maximum heat flux projected at the start of the program, and
therefore the conditions at which this flux was achieved were not optimum. The
radial distribution of flux on the model was therefore quite nonuniform - a
significant drop off to the edge occurred. Although the char thicknesses were
relatively uniform at these conditions, the sample response must be considered
to have been influenced to some extent by this nonuniformity, resulting in a
somewhat optimistic indication of the sample response.

4.5.2 Test Results

Typical test results for the ablators are presented below in terms of the
surface recession and in-depth charring response, the surface and backwall tem-
perature response, and the failure modes and operating limits. Results not
presented are included in Appendix A.

The surface recession and in-depth degradation response at the two test
conditions is presented in Figure 32. The char - virgin material interface
indicated in the figure corresponds to the boundary below which no visual in-
dication of thermal degradation has occurred which is also the plane of weakest
structural integrity. For the high heat flux condition, the char has penetrated
essentially to the backwall in 2000 seconds. The surface recession is a factor
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Figure 30

Response Characteristics of Carbon-Carbon Composites
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of two higher for the high heat flux condition as compared to the low heat flux
condition.

The surface and backwall temperature results for the ablators are pre-
sented in Figure 33 for both heat flux conditions. Note that even though char-
ring had occurred to essentially the aluminum backup for the high flux condition,
the backwall temperature did not exceed 600°F,

At the low heating rate condition, the material simply charred with no
significant dimension change or loss of integrity.. At the high heating rate,
however, a small amount of silica melt formed on the surface, and a significant
preferential mass loss at the honeycomb reinforcement occurred. This response
is illustrated qualitatively in Figure 34.
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Figure 34 Response Characteristics of Ablators
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SECTION 5

CONCLUSIONS

Based on the results of 870 sample hours of testing presented above and
in Appendix A for the complete spectrum of space shuttle orbiter candidate TPS
materials, the following conclusions have been made:

GENERAL

° Accurate measurement of surface temperature requires further evalua-
tion of measurement techniques; accurate measurements of emissivity
at the proper wavelengths must be available for pyrometer measure-
ments.

° At conditions of high enthalpy and low surface pressure that re-
sult in a high boundary layer atom population, the interpretation
of the test results and their application to flight depend criti-
cally on an accurate knowledge of the surface catalycity.

e Due to differences in surface catalycity and emittance, tests and
comparison of materials should be made at common levels of heating
rate, not surface temperature.

° Test model singularity regions which may influence material response
and which are not typical of the flight application should be eli-
minated.

° By testing at maximum efficiency, the test cost can be as low as
$70 per hour and with a six sample model configuration this results
in a cost of roughly $10 per sample hour of exposure.

SPECIFIC
) Metallics

Y

- TD NiCr exhibits consistent response characteristics in the
temperature ranges of its application (to 2400°F),.

- Flaws in coated Cb are generally self-healing (at 2500°F).

- Flaws in coated Ta generally grow and can result in catastro-
phic failure (at 2700°F).
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Surface Insulators

- Wide range of surface emittance and catalytic activity can be
achieved depending on the surface coating.

- Response is sensitive to singularities.
Carbon-Carbon Composites

- A wide range of surface catalytic activity can be achieved
depending on the surface coating or surface matrix.

- Oxidation protection of the internal surfaces of the truss
core configuration is required.

Ablators

- At high flux, local mass loss at the honeycomb reinforcement
is significant.
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